Tricuspid regurgitation (TR) has long been neglected based on the false belief that it is substantially rare in prevalence and is not so important in determining prognosis. Recent consecutive publications refuted this concept surrounding TR, and now we are contemplating this entity from different point of view. In this review, we mainly focus on isolated form of severe TR. In our daily clinical practice, however, patients with problems in more than one valve are more frequently encountered. Hence, we briefly touch on the results of severe TR surgery with or without left side valve operations here and there, as well.
Introduction
Tricuspid regurgitation (TR) has long been ignored by many cardiologists in comparison with the interest expressed to mitral regurgitation. A PubMed database search from January 1900 to September 2012 using the term "mitral regurgitation" unearthed 24013 papers, whereas "tricuspid regurgitation" generated only 4294. This imbalance probably stems from the false belief that TR is not clinically significant and that significant TR, usually defined as TR of more than mild degree, is not a frequent finding. Furthermore, since TR is frequently detected in association with left side valve disease, its clinical manifestations tend to be predominated by underlying left side valve disease. In this respect, TR has been regarded as an "orphan disease" or as a "forgotten disease". The following provides a representative example of "ignored" TR. A 50-year-old man diagnosed with infective endocarditis of the tricuspid valve was reported in 2001. 1) He had been a registered intravenous drug abuser for a considerable time. Due to concerns about the potential of repeat infective endocarditis caused by illegal drug injection, total tricuspid valvectomy was conducted without insertion of a bioprosthetic or prosthetic tricuspid valve. Somewhat surprisingly, the authors reported that he survived more than 10 years after tricuspid velvectomy. 1) However, recent studies have consistently shown that significant TR that is not artificially created is not a rare disease, and that its prevalence is progressively growing in specific settings, for example, in patients who have previously undergone left side valve surgery with or without combined left side valve dysfunction. [2] [3] [4] [5] [6] If untreated, TR patients progressively deteriorate and develop refractory heart failure symptoms related to right ventricular (RV) dysfunction, eventually resulting in death, 3)7-9) irrespective of the presence of left ventricular dysfunction or pulmonary hypertension. 9) Thanks to recent growing interest in TR, we can now understand that TR should not be viewed as a benign disease and that it can exert a significant influence on outcome. Thus, we believe that TR undoubtedly deserves to be treated seriously and should not be neglected. Today, diagnostic techniques like echocardiography and cardiac magnetic resonance imaging have been well developed, and allow for the early detection of disease and prompt establishment of appropriate treatment. In this era of increasing awareness of the importance of TR, the authors considered that an overview of currently available evidence on TR management and prognosis might be of value.
This review mainly focuses on the isolated form of TR, which is defined as TR in the setting of no concomitant left side valve lesions, because it was believed that such a homogenous TR patient population would enable a better under-standing of the therapeutic and prognostic implications of TR. However, in daily clinical practice, patients with problems in more than one valve are more frequently encountered. Hence, this review also briefly touches on the study results dealing with patients with multi-valve diseases.
Incidence and Significance of TR
TR is not an uncommon finding in patients undergoing mitral or combined mitral/aortic valve surgery. 10)11) In the past, it was generally believed that TR can regress after successful mitral or combined mitral/aortic surgery by reducing RV volume and/or pressure overload. 12) However, this is not always true and sometimes, not infrequently, TR progresses after index surgery without any evidence of left side valve dysfunction.
13)14) TR can appear de novo during postoperative follow-up, as well. Incidences of late significant TR development after left side valve surgery vary from 16% to 67%, depending on study population, the definition of significant TR used, and most importantly on follow-up duration.
3)15)16) Matsuyama et al. 16) reported TR incidence of 16% after mitral valve surgery, but the study duration was only intermediate (mean 8.2 years). On the other hand, Porter et al. 14) reported an even higher incidence of TR (67%) after left side valve surgery for a longer follow-up (mean 11.6 years). However, the number of patients enrolled in their study was only 65. We previously reported in 335 patients without significant TR immediately after corrective surgery for left side valve disease that over a mean follow-up duration of 11.6 years, significant TR developed in 90 patients (26.9%).
3) Interestingly, we also found that preoperative atrial fibrillation was the only risk factor of the late development of significant TR.
3) Similar results have been reported by other groups and ours thereafter.
2)14)16)17)
Given the clinical implications of atrial fibrillation on the late development of significant TR, concomitant maze operation was highlighted as an effective preventive strategy. The first study on this topic was published in Circulation in 2005 by our group, where the maze operation could reduce the risk of late significant TR by as much as 79%.
2) Of note, the objective maintenance of atrial activity, as demonstrated by Doppler echocardiography, was found to independently benefit the maze operation beyond the simple elimination of atrial fibrillation.
2) A few years later, the favorable effect of maze operation on the prevention of late TR development was again shown by Je et al. 15) and Stulak et al. 18) In particular, Je et al. 15) eloquently showed that the maze operation was superior to tricuspid valve annuloplasty in the prevention of late TR development.
It is well accepted that significant TR development with or without left side valve disease badly influences long-term morbidity and mortality.
9) Even when we excluded patients with prior left side valve surgery, late TR development was again found to be closely associated with poor event-free survival.
3) Apart from survival, quality of life is also severely impaired in patients with significant TR after left side valve surgery. Groves et al. 8) showed that patients with isolated severe TR after left side valve surgery exhibit a significant reduction in exercise duration, maximal oxygen consumption, and anaerobic threshold as compared with those without severe TR, although all patients had good left ventricular systolic performance and normal prosthetic valve function.
We believe that more than 10 years of follow-up is required for the early identification of significant TR occurrence, because event-free survival curves according to the presence or absence of significant TR start to diverge from at least 10 years after index left side valve surgery, as shown in Fig. 1 . Therefore, it is highly recommended that patients who undergo left side valve surgery should be closely monitored for more than 10 years after index surgery, preferably with periodic echocardiographic examinations.
Mechanisms of TR Development
The pathogenesis of TR in patients with concomitant mitral valve disease is complex and multifactorial. Detailed description of this entity is beyond the scope of this review. In short, TR in patients with concomitant mitral valve disease is mostly "functional" in origin, and is considered to be caused by passive downstream elevation in left heart pressures, generating eventually tricuspid annular dilation and the tethering of tricuspid leaflets induced by RV enlargement. 8)19-21) This may also be true in patients with late TR after left side valve surgery.
3)9)19-21) Based on this concept, tricuspid annuloplasty with or without an annular ring has been widely conducted in the hope of reducing tricuspid annular diameter and ultimately of eliminating significant TR. However, these two mechanisms cannot always account for TR development and, in fact, earlier studies found that tricuspid annuloplasty per se is not always effective at reducing or taking away TR.
2 )22)23) Taking the case of the 57-year-old female patient presented in Fig. 2 , who presented at the outpatient clinic with exertional dyspnea [New York Heart Association (NYHA) functional class II]. She had undergone mitral valve replacement with a mechanical valve 14 years previously. Preoperative echocardiography revealed severe TR, and thus, corrective surgery was performed to eliminate the TR. On postoperative follow-up echocardiography, tricuspid annuloplasty with an annular ring was clearly shown (Fig. 2C ), however severe TR was still there on Doppler echocardiography. This case strongly suggests that a factor other than tricuspid annular dilation is implicated in TR development. Fukuda et al. 22) demonstrated that tricuspid valve tethering predicts residual TR after tricuspid annuloplasty, and in another study, the same group showed that right and left ventricular functions superimposed on tricuspid valve tethering are also important determinants for residual TR after tricuspid annuloplasty. 23 ) RV remodeling pattern is another important, 'unrealized' mechanistic factor underlying the development of TR. 24) Recently, three-dimensional echocardiography was introduced to provide more comprehensive, detailed information on geometrical changes in the tricuspid valve complex before and after tricuspid annuloplasty, and 
Symptoms and Signs of TR
In isolated TR, the RV progresses to a volume-overloaded state, and concurrently, both right atrial dilation and right atrial pressure elevation take place. From an anatomical viewpoint, right atrium is a common room, through which systemic venous returns from the inferior vena cava and superior vena cava move into the pulmonary circulation. Since right atrial pressure goes up over time in the setting of severe TR, the superior vena cava becomes dilated, and leads to jugular vein engorgement. Concurrently, inferior vena cava also becomes dilated, causing dilation of the hepatic and portal veins, eventually resulting in hepatomegaly (congestive hepatopathy) with loss of appetite. Ascites and lower extremity edema may develop, which can elicit complaints of abdominal fullness. Furthermore, along with hepatomegaly, drainage from the splenic vein is impaired and splenomegaly is clinically manifested. Due to a decline of left ventricular preload and eventually of stroke volume, patients may experience fatigue and exertional dyspnea, and sometimes, indigestion and diarrhea. However, one thing that should be remembered is that severe TR may be present without these classical clinical signs or symptoms, 26) and subjective symptoms may become evident only after irreversible organ damage occurs. 4) Therefore, early referral (or timely referral) for corrective TR surgery, ideally before the development of heart failure symptoms, is of crucial importance (see next section), which highlights that serial echocardiography-based screening probably has a role to play in patients at high risk of TR development or in those with established severe TR. With regard to TR assessment, it should be kept in mind that, in contrast to mitral regurgitation, invasive right ventriculography is not helpful for assessing TR severity because the catheter may induce TR and sometimes hinder the accurate assessment of degree of TR.
Determinants of Optimal Referral Timing for Corrective TR Surgery
As stated in previous sections, significant TR is not uncommon and it does develop more than infrequently in patients with no more than mild TR before index left side valve surgery.
3)4) Although we have no data on the relative superiority of corrective TR surgery over optimal medical therapy, corrective TR surgery is expected to be advantageous in terms of prognosis if it is performed in a timely manner. 4)7)27) In addition to improvements in symptoms and survival in severe TR patients, timely performed corrective TR surgery can induce RV reverse remodeling. 7) However, the problem is that surgical results of corrective TR surgery have been reported to be poor, with an estimated early mortality rate range of 10% to 30%. 4)28)29) According to available evidence, not TR surgery itself, but surrounding patient condition secondary to severe TR may be the culprit for determining operative outcome. A couple of years ago, our group published prospective data on the outcome of isolated TR surgery. In 61 patients with isolated severe TR prospectively enrolled, preoperative hemoglobin level, echocardiography-determined RV end-systolic area, and subjective symptoms emerged as the three important determinants of surgical outcomes in this population, although subjective symptoms did not achieve statistical significance. 4) In another study performed in South Korea on patients with severe TR with or without combined left side valve disease, it was found that age, male gender, a NYHA class IV symptom, the presence of liver cirrhosis, preoperative hemoglobin level, preoperative albumin level, and estimated glomerular filtration rate were independent determinants of outcomes. Notably, neither procedural type nor TR etiology was found to be predictive of mortality. Taken together, despite the lack of a large amount of solid evidences, available evidence strongly suggests that corrective TR surgery can be performed with an acceptable operative risk if it is performed in a timely manner.
4-6)28) Unfortunately, no appropriate guidelines for surgical timing in severe TR is available till now. Although the American College of Cardiology/American Heart Association (ACC/AHA) and European Society of Cardiology (ESC) suggest guidelines regarding the operative timing for severe TR, 26)30) these guidelines are not predicated on cumulative evidence. Practically, many recent studies have proposed that early surgery is of paramount importance in terms of improving postoperative shortand long-term outcomes. In particular, an earlier study suggested possibility that the restoration of normal life expectancy was not achieved even in patients with NYHA class II symptoms, highlighting the need for early surgical referral for corrective TR surgery before the development of heart failure symptoms.
6) However, current ACC/AHA guidelines suggest tricuspid valve surgery for severe 'primary' TR only when symptom is present based on the level of evidence of C, and make no mention on isolated severe, secondary (functional) TR occurring in patients who have undergone prior left side valve surgery. 26) More surprisingly, severe isolated, secondary (functional) TR with mild or no symptom is described as a contraindication for corrective surgery, which is in clear contrast to ESC guidelines in which corrective TR surgery can be recommended as class IIb indication. 26)30) ESC guidelines are, to some extent, progressive and recommend corrective TR surgery in symptomatic patients with severe TR who had prior left side valve surgery, even in the absence of left side valve abnormalities. 30) In many studies dealing with severe TR, surgical delay has been frequently recognized, 4-7)16)17)28)31) and this is probably attributable, to some extent, to the absence of appropriate guidelines for surgical timing. Therefore, the establishment of guidelines based on widely used clinical, laboratory, and echocardiographic parameters is urgently required. Table  1 provides a side-by-side comparison of the current ACC/ AHA vs. ESC guidelines for the surgical treatment of tricuspid valve disease.
In summary, based on current evidence, early surgical referral before the onset of subjective symptom and/or laboratory abnormalities (like anemia) and/or echocardiographic abnormalities is likely to render a better surgical outcome. Of these, subjective symptoms, hemoglobin level and echocardiographic index could be used to guide optimal surgical timing for severe TR.
4)

Subjective symptoms
NYHA functional class is the simplest and most frequently used parameter for assessing heart failure symptoms. Despite its simplicity, its prognostic value has been documented in the context of left side heart failure. The prognostic value of this unsophisticated index for predicting the surgical outcomes of patients with severe TR scheduled for corrective surgery remained uncertain until Kim et al. 4) published this issue in Circulation in 2008. In this article, it was first suggested that NYHA functional class provides clues for optimal surgical timing. In the past, patients with severe TR were treated medically on a symptomatic basis using diuretics, digestives, and so on. This may have been due to a "fear" of referring patients with severe TR for surgery, because many clinicians believed that TR surgery was inevitably accompanied by high mortality and morbidity. With regard to surgery for severe mitral regurgitation, we no longer wait for the development of heart failure symptoms or overt left ventricular dysfunction before referral for corrective surgery, and this approach is now well accepted as a "standard-of-care" for patients with severe mitral regurgitation. However, we have not achieved any consensus in terms of optimal timing of corrective TR surgery. According to a small number of published articles, [4] [5] [6] the current 'symptom-guided' surgical indication for severe TR almost always renders poor overall surgical outcomes. Instead, surgical correction of severe TR should be strongly considered before the development of heart failure symptoms. Kim et al. 4) showed that, in patients with NYHA functional class II symptoms, operative mortality was only 4.8%, and that 2-year event-free survival rate was 90%, which was in clear contrast to the results obtained in patients with NYHA functional class III or IV symptoms. Another study also displayed that the presence of advanced heart failure symptoms is an independent determinant of mortality. 5) Topilsky et al. 6) showed in patients with severe TR with or without concomitant another valve surgery that operative mortality can be reduced to around 6% when patients are operated on before the development of NYHA functional class IV symptoms. More interestingly, they found that although mildly symptomatic patients (defined as those with NYHA class II or III symptoms) had obviously better surgical outcomes than patients with NYHA functional class IV symptoms, the restoration of normal life expectancy could not be attained even in patients with very mild symptoms (NYHA functional class II). 6) This finding supports the concept that we need more sensitive surrogate markers for surgical outcomes in severe TR patients. We expect that laboratory and echocardiographic indexes could occupy important positions.
RV-related echocardiographic indexes
According to the current ACC/AHA and ESC guidelines, 26)30) asymptomatic patients with severe mitral regurgitation should be referred to a cardiovascular surgeon for mitral valve repair or replacement when left ventricular systolic dysfunction, as represented by a decrease in left ventricular ejection fraction of ≤ 60% or an increase in left ventricular end-systolic dimension of ≥ 40 mm. These criteria suggest that indexes provided by echocardiography can more sensitively and reliably reflect disease progression. A similar strategy might be applicable to severe TR. However, in contrast to the left ventricle, the evaluation of RV function and size in a quantitative manner is challenging by two-dimensional echocardiography because of its complex geometry, as well as the limited definition of the endocardial surface attributable to heavy trabeculation of the RV myocardium. 4)6) Notwithstanding, before the advent of three-dimensional echocardiography, RV end-systolic and enddiastolic area, and its derivative, RV fractional area change, were frequently used to estimate RV systolic function. As a matter of fact, in one study, RV end-systolic area emerged as an inde- , which had a sensitivity of 73% and a specificity of 67% for the prediction of event-free survival. 4) Assessment of early postoperative RV fractional area change can also provide valuable information additional to preoperative parameters in severe TR. 28) However, these two-dimensional echocardiography indexes of the RV did not prove their ability in another study. 6) This may have been because the measurement reproducibilities of these indexes are not as good as those of the left ventricle.
32) The predominant orientation of muscle fibers in the RV is in the direction of the long axis, and based on this tricuspid annular systolic excursion and its velocity were introduced as potential indices reflecting RV systolic function. Since the first description of excellent correlation between RV systolic function and tricuspid annular plane systolic excursion, 33) it has been used as an indirect index of RV systolic function. Actually, some authors found that it has a powerful ability to predict prognosis in pulmonary hypertension, 34) mitral regurgitation, 35) and heart failure. 36) Besides, tissue Doppler technique-determined tricuspid annular systolic velocity has also been reported to have predictive value after corrective TR surgery. 31) However, a recent publication reported a poor correlation between tricuspid annular plane systolic excursion and RV systolic function as determined by cardiac magnetic resonance imaging in patients with severe TR. 37) Furthermore, we also demonstrated that tricuspid annular systolic velocity has limited accuracy for predicting the prognosis of patients with severe TR scheduled for being operated on in a larger study cohort. 4) As recently as 5 years ago, we did not have any reliable diagnostic imaging modality that could be routinely employed to assess the RV in our daily clinical practice, other than twodimensional echocardiography. The lack of an appropriate method for effectively and quantitatively interrogating RV geometry and function may explain in part the small number of investigations conducted on the RV. 24) However, we are now moving into a new epoch. Three-dimensional echocardiography and cardiac magnetic resonance imaging are two protagonists that can facilitate routine RV evaluations. In fact, these two diagnostic imaging modalities are now being incorporated into our daily clinical routine. Min et al. 25) clearly illustrated the value of real-time three-dimensional echocardiography in terms of identifying patients at high risk for severe residual TR after TR surgery. With cardiac magnetic resonance imaging, we found that successful TR surgery can lead to a significant rise in the left ventricular preload and cardiac index, which subsequently contribute to a significant amelioration of the functional capacity of the TR patients. 7) In addition, we suggested that cardiac magnetic resonance imaging could be helpful for determining the optimal timing for TR surgery. 7) Although these two imaging modalities are still in their infancies, they may be of tremendous practical use for the assessment of RV systolic function in relation to right side myocardial or valvular diseases in near future.
Preoperative hemoglobin level
Earlier reports continue to mention the close relationship between anemia and prognosis in left side heart failure. [38] [39] [40] [41] Moreover, it has been strongly suggested that iron depletion is a main culprit for anemia in many cases of heart failure, 42)43) and that its supplementation can significantly improves prognosis in these patients. 44 )45) Low renal perfusion, malabsorption, nutritional deficiencies, and hemodilution have also been proposed as potential mechanisms responsible for anemia observed in patients with left side heart failure, and these mechanisms may be involved in the development of anemia in patients with severe TR. However, hypersplenism secondary to long-standing systemic venous congestion resulting from chronic volume overload to the RV, right atrium, and subsequently portal vein and splenic vein is strongly suggested as the main mechanism underlying the development of anemia. 4) This is further advocated by concomitant manifestations of low platelet count and hypoalbuminemia in many patients with severe TR. 4)5)28) In this regard, hemoglobin levels in patients with severe TR should indicate the chronicity of systemic venous congestion, and thus, can be objectively mirror disease severity in these patients. Such relations indicate that approaches to severe TR and combined anemia should be dealt with in different ways. In our previous study, 4) we suggested preoperative hemoglobin cutoff of 11.3 g/dL for predicting event-free survival in severe TR. According to the WHO definition, a hemoglobin level of < 13 g/dL for men or of < 12 g/dL for women defines the presence of anemia. Surprisingly, the hemoglobin cutoff value we previously suggested is very close to 12 g/dL for women. 4) Considering that the majority of the patients enrolled in this study were women, 4) the cutoff value for men used for determining optimal surgical timing for severe TR is likely to be slightly higher, that is, around 13 g/dL. This issue requires further investigations in more detail in near future. Nevertheless, based on currently available evidences, in order to improve surgical outcome, early referral for corrective TR surgery appears desirable before the preoperative hemoglobin level reaches about 11 g/dL.
Brain natriuretic peptide level
Brain natriuretic peptide (BNP) is primarily secreted by the right or left ventricles in response to ventricular volume and/ or pressure overload. 46 ) Plasma BNP levels have been shown to rise in patients with heart failure and ventricular hypertrophy. 47 )48) Similar phenomena could be observed in patients with left side valvular diseases like aortic stenosis and mitral regurgitation. [49] [50] [51] In particular, elevated BNP levels were found to be significantly correlated with poor functional capacity and dismal prognosis. [49] [50] [51] This may also be true in patients with severe TR who undergo corrective surgery. Despite a limited number of patients, we found that an elevation in BNP level in patients with isolated severe TR probably predicts adverse surgical outcomes after corrective TR surgery. 52) This issue should be confirmed in larger TR cohorts.
Postoperative Follow-Up
Thanks to the significant progress made in surgical techniques and supportive medical care, left side valve surgeries now achieve operative mortality rates as low as 1-2% in experienced cardiac centers. 53) Unfortunately, the results of corrective TR surgery are yet disappointing in comparison with fascinating results achieved in the field of left side valve surgeries. This is not altogether surprising, because until recently TR was regarded as a relatively unimportant 'phenomenon', and not as an important 'disease'. Thus, in the recent past, surgical timings have been delayed in many TR patients, resulting in residual clinical comorbidities like cardiac cirrhosis and atrial fibrillation in many cases. Therefore, even after successful corrective TR surgery, patients should be carefully followed for possible remaining comorbidities that could substantially diminish quality of life. Furthermore, optimal medical therapy should be continued without interruption with the help of loop diuretics, spironolactone, and warfarin. Despite a lack of relevant data regarding this issue, careful and total care should be exercised before and after corrective TR surgery.
Conclusions
Significant TR should not be ignored because it substantially affects quality of life, exercise capacity, and survival. Given that successful left side valve surgery is not always accompanied by the elimination of functional TR, concomitant TR correction (even in mild degree of TR) and/or the maze operation (in the setting of atrial fibrillation) should be strongly considered at the time of left side valve surgery. Although the determination of optimal surgical timing is the most important issue under active investigation, timely surgical correction of isolated TR can significantly improve RV volume and function, cardiac index, and exercise capacity. Due to the complex geometry of the RV, two-dimensional assessments are inherently limited. Accordingly, researches regarding diagnostic and prognostic value of three-dimensional echocardiography and cardiac magnetic resonance imaging are warranted in future. Because many patients that successfully survive corrective TR surgery tend to suffer from comorbidities, further studies are required to determine optimal medication and care strategies for these patients.
